Cell proliferation is known to be accompanied by activation of glycolysis. We have recently discovered that the glycolysis-promoting enzyme 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase, isoform 3 (PFKFB3), is degraded by the E3 ubiquitin ligase APC/C-Cdh1, which also degrades cell-cycle proteins. We now show in two different cell types (neoplastic and nonneoplastic) that both proliferation and aerobic glycolysis are prevented by overexpression of Cdh1 and enhanced by its silencing. Furthermore, we have coexpressed Cdh1 with PFKFB3-either wild-type or a mutant form resistant to ubiquitylation by APC/C-Cdh1-or with the glycolytic enzyme 6-phosphofructo-1-kinase and demonstrated that whereas glycolysis is essential for cell proliferation, its initiation in the presence of active Cdh1 does not result in proliferation. Our experiments indicate that the proliferative response, regardless of whether it occurs in normal or neoplastic cells, is dependent on a decrease in the activity of APC/ C-Cdh1, which activates both proliferation and glycolysis. These observations have implications for cell proliferation, neoplastic transformation, and the prevention and treatment of cancer.
aerobic glycolysis | cell cycle | PFKFB3 | cancer T he anaphase-promoting complex/cyclosome (APC/C) is an E3 ubiquitin ligase that plays an essential role in G1 phase and mitosis through the degradation of cell-cycle proteins. To initiate degradation it utilizes two activator proteins, Cdc20 and Cdh1, which associate with the enzyme in a cell-cycle-dependent manner and target different substrates for destruction (1) . Substrates bind specifically to the APC/C-activator complex through degradation motifs, the best known of which are the D box (2-4) and the KEN box (5) . Although both activator proteins recognize the D box, the KEN box is a targeting signal for APC/C-Cdh1 (5) . Whereas APC/C-Cdc20 regulates the proteins responsible for metaphase-to-anaphase transition, inactivation of APC/C-Cdh1 at the restriction point in G1 is necessary for initiation of the S phase of the cell cycle, in which DNA is replicated and chromosomes are duplicated.
Proliferation in cancer cells is accompanied by activation of glycolysis, which occurs even in the presence of a normal oxygen concentration. The purpose and mechanism of this aerobic glycolysis, known as the Warburg effect (6), are still unclear. The two main reasons for this are, first, that the presence in cancer of a mitochondrial defect, originally thought to be responsible for aerobic glycolysis (6) , remains controversial and, second, that aerobic glycolysis also occurs in proliferating nonneoplastic cells (7, 8) . This has led to the suggestion that aerobic glycolysis may be required for new biomass formation (9) .
We have recently discovered, using cells from rat brains, that up-regulation of glycolysis in astrocytes is dependent on the activity of the enzyme 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase, isoform 3 (PFKFB3) (10) . PFKFB3, an isoform of 6-phosphofructo-2-kinase (PFK2), is responsible for the generation of fructose-2,6-bisphosphate (F2,6P 2 ), the allosteric activator of 6-phosphofructo-1-kinase (PFK1) and therefore of glycolysis. We further found that this enzyme contains a KEN box and that it is constantly degraded in neurons by APC/CCdh1, explaining the inability of these cells to increase their glycolysis (10) .
In view of the above, we tested the hypothesis that APC/C-Cdh1 is responsible for the linking of glycolysis to cell proliferation using two cell lines, neoplastic human neuroblastoma SH-SY5Y cells in which proliferation can be inhibited by incubation with retinoic acid (RA) (11) , and embryonically derived human kidney cells (HEK 293), which proliferate in the presence of serum.
Results
Cell Proliferation Correlates with Glycolytic Capacity. SH-SY5Y human neuroblastoma cells were treated with RA (10 μM) to induce cell-cycle arrest. Their rate of proliferation during 1-h incubation periods at 0, 1, 2, and 3 days after addition of RA was determined by measurement of BrdU incorporation into DNA to show the proportion of cells in S phase. The glycolytic capacity of the cells at these times was assessed as lactate produced during inhibition of ATP synthase by oligomycin. As shown in Fig. 1 , the proportion of cells in S phase correlated positively with the glycolytic capacity.
Effect of Overexpression of Cdh1 on Cell Proliferation, Glycolysis, and Amount of PFKFB3 in Different Cell Types. SH-SY5Y human neuroblastoma cells were treated with RA (10 μM) for 3 days to inhibit proliferation. Twenty-four hours after they were allowed to reenter the cell cycle by removal of RA, the proportion of cells in S phase was significantly increased, as was the glycolytic rate ( Fig. 2A) . A similar effect was observed in HEK 293 cells which had previously been deprived of serum to induce quiescence and in which proliferation was reestablished by addition of serum for 16 h (Fig. 2B) . Proliferation in HEK 293 cells, demonstrated by an increase in the proportion in S phase, was associated with an increase in glycolytic activity (Fig. 2B ) and with an increase in PFKFB3 protein abundance, as assessed by western blotting (Fig. 2C) . Overexpression of Cdh1 largely prevented the increase in the proportion of cells in S phase and the increase in glycolysis induced in SH-SY5Y and HEK 293 cells by RA deprivation and addition of serum, respectively ( Fig. 2 A and B) . These effects of Cdh1, which were due to the degradation of PFKFB3 protein (Fig. 2C) , could not be restored by coexpression of rat PFKFB3 (RB2K6 splice variant) ( Fig. 2 A and B) because this enzyme (which is homologous to the human RBK5 splice variant) was actively degraded (Fig. 3A) . However, the increase in glycolytic To whom correspondence may be addressed. E-mail: jbolanos@usal.es or s.moncada@ucl. ac.uk.
capacity, but not the proportion of cells in S phase, could be completely restored in these cells by coexpressing a PFKFB3 form in which the KEN box was mutated to AAA (PFKFB3mut; Fig. 2 A and B) , and was therefore not targeted by APC/C-Cdh1 for destruction (Fig. 3A) . Glycolysis, but not the proportion of cells in S phase, could also be restored by overexpression of the glycolytic enzyme PFK1 ( Fig. 2 A and B) . These results show that in both cell types the increase in glycolysis, promoted either by PFKFB3 or PFK1, is not sufficient to trigger cell proliferation in the presence of elevated amounts of Cdh1.
Localization and Degradation of PFKFB3. HEK 293 cells transfected with either GFP-PFKFB3 or GFP-PFKFB3mut were studied by confocal microscopy 16 h after the initiation of proliferation. Cotransfection of Cdh1 greatly reduced the amount of PFKFB3 protein ( Fig. 3 A and B) . Cdh1-induced degradation appeared to take place in the nucleus, where APC/C-Cdh1 is known to be active, as shown by the punctuate appearance of GFP-PFKFB3 fusion protein in this organelle (Fig. 3B , center row). Coexpression of Cdh1 and PFKFB3mut resulted in a subcellular distribution of the enzyme in the nucleus and surrounding cytosol (Fig. 3B , lower row), which correlated with an increase in total PFKFB3 protein abundance (Fig. 3A) . We also performed cell fractionation to confirm the cellular localization of endogenous PFKFB3. As shown in Fig. 3C , exit from quiescence induced PFKFB3 accumulation in the nucleus and in the cytosol, an effect that was concomitant with a slight decrease in nuclear Cdh1.
Proliferation and Glycolysis in Cells Lacking Cdh1. Cdh1 was knocked down in proliferating serum-induced HEK 293 cells (Fig. 4A ). As shown in Fig. 4B , Cdh1 silencing significantly increased the proportion of cells in S phase, an effect that was accompanied by an increase in glycolytic activity. When PFKFB3 was also knocked down in Cdh1-silenced cells, both the increase in proliferation and in glycolysis caused by the knockdown of Cdh1 were prevented (Fig. 4B) . Furthermore, reestablishment of glycolysis, in the absence of PFKFB3, by overexpressing PFK1, was sufficient to increase the proportion of cells in S phase (Fig. 4B) . These results indicate that, in the absence of Cdh1 activity, an up-regulation of glycolysis by any means is sufficient to promote cell proliferation.
Discussion
Changes in the activity of Cdh1 are known to play a central role in cell quiescence and proliferation. APC/C-Cdh1 is responsible for the ubiquitylation and destruction of mitotic cyclins, among other substrates, in late mitosis. Inactivation of APC/C-Cdh1, resulting from phosphorylation of the Cdh1 protein, occurs in late G1 phase of the cell cycle and is required for the renewed accumulation of the regulatory cell-cycle proteins necessary for the cells to enter S phase, toward a new round of cell division (1, 12) . This point in late G1 phase, known as the restriction point (13), has long been recognized to be sensitive to lack of nutrients (12, 14) . Although early studies demonstrated that glucose is essential for the synthesis of macromolecules in proliferating cells (7, 8, 13) , the way in which this increased requirement for glucose is met during the cell cycle, or in general during cell proliferation, has remained unresolved. Our recent finding that PFKFB3 is degraded in neurons through an APC/C-Cdh1-dependent mechanism (10) provided the clue for the explanation of this phenomenon.
PFKFB3 activity is known to be increased in cancer and in highly proliferative cells (15) . It is the only PFK2 isoform amenable to destruction by APC/C-Cdh1 (10) . Furthermore, it is the one that has the highest kinase-to-bisphosphatase ratio (740:1), and therefore its activity is mostly dedicated to the generation of F2,6P 2 and hence to the promotion of glycolysis (15) . Thus, if both regulatory cell-cycle proteins and PFKFB3 are degraded via APC/C-Cdh1, the decrease in activity of APC/C-Cdh1 at the restriction point would synchronize an increase in mitotic cyclins to initiate transition toward S phase with an increase in glycolysis, to supply the metabolic intermediates necessary for the biosynthesis of macromolecules.
The present results, from experiments using two types of cell lines, of which only one is neoplastic, support our hypothesis. Indeed, overexpression of Cdh1 in either neuroblastoma or HEK 293 cells resulted in a decrease in both glycolysis and cell proliferation which could not be reversed by transfection of PFKFB3 alone. Transfection of a PFKFB3 with a mutated KEN box, rendering it resistant to ubiquitylation by APC/C-Cdh1, increased glycolysis without a concomitant increase in cell proliferation. In a similar manner, transfection of PFK1 increased glycolysis without increasing cell proliferation. These results show that, although Cdh1 controls both cell proliferation and glycolysis, an increase in glycolysis alone in the presence of increased Cdh1 activity is not sufficient to initiate proliferation.
Our experiments have also confirmed the nuclear localization of PFKFB3 (16) . The fact that Cdh1 is also localized in the nucleus (17) indicates that this is the site where both cyclins and PFKFB3 are targeted for degradation by APC/C-Cdh1. Evidence for the nucleus being the site of PFKFB3 ubiquitylation, and probably degradation, comes from our experiments using confocal microscopy showing that PFKFB3mut accumulates in the nucleus and spreads out into the cytosol. Moreover, exit from quiescence induced accumulation of endogenous PFKFB3 in the nucleus and in the cytosol, consistent with the enzyme overflowing from the nucleus following inhibition of its degradation. A nonglycolytic role for PFKFB3 in the nucleus, related to the activation of a cyclin-dependent kinase(s), has been suggested (16). Our results, however, indicate that PFKFB3 is degraded in the nucleus by APC/C-Cdh1 and that increased glycolysis occurs when inhibition of its destruction allows it to overflow into the cytoplasm.
In a separate set of experiments using HEK 293 cells, we have shown that, even when these cells were proliferating following addition of serum, silencing Cdh1 led to a further increase in cell proliferation and glycolysis. Both of these effects could be prevented by cosilencing PFKFB3 and reversed by concomitant expression of PFK1, demonstrating that, as long as the activity of APC/C-Cdh1 is low, enhancing glycolysis is sufficient to activate cell proliferation.
Thus, our experiments show that reduction in the activity of APC/C-Cdh1 is the step that coordinates glycolysis to cell proliferation. The linking of increased glycolysis to cell proliferation was originally described in neoplastic cells (6) . However, aerobic glycolysis also occurs in nonneoplastic, highly proliferative cells such as lymphocytes (7, 8, 18) . Our experiments indicate that the proliferative response, whether it occurs in normal or neoplastic cells, is dependent on a decrease in the activity of APC/C-Cdh1 which, through a single mechanism (i.e., stopping the destruction of crucial KEN-box-containing proteins), activates both proliferation and glycolysis.
In relation to neoplastic transformation, Cdh1 therefore lies at the crossroads of two crucial pathways that define cancer. Cdh1 has been shown to be down-regulated during malignant progression in a murine B-lymphoma cell line, and its reexpression reduced tumor development in these cells (19) . It has recently been demonstrated that, whereas the absence of Cdh1 is lethal at the embryonic stage, Cdh1 −/+ heterozygous mice are more susceptible to spontaneous tumors (20) . Furthermore, mutations of APC subunits have been Fig. 3 . Cdh1 promotes PFKFB3 degradation in the nucleus. (A) Cdh1 overexpression promoted the degradation of coexpressed rat PFKFB3 cDNA (RB2K6 splice variant), but did not affect its KENbox-mutant form (PFKFB3mut). (B) In Cdh1-overexpressing cells, coexpressed rat PFKFB3 (RB2K6 splice variant) was present only in the nucleus, whereas its KEN-box-mutant form (PFKFB3mut) accumulated in the nucleus and was spread throughout the cytosol. (C) Serum-induced exit from quiescence promoted PFKFB3 accumulation, both in the nucleus and in the cytosol, as well as a decrease in Cdh1 in the nucleus. The detected protein in A and C was quantified by densitometry from three independent experiments. described in colon and breast cancer (21, 22) . These data and our observations suggest that suppression of activity of APC/C-Cdh1 is likely to be a component of neoplastic transformation or an enabling mechanism without which cancer cannot proceed.
Materials and Methods
Cell Culture. SH-SY5Y human neuroblastoma cells and human embryonic kidney (HEK) 293 cells were seeded at 10 4 cells/cm 2 and 10 5 cells/cm 2 , respectively, in Dulbecco's modified Earls medium (DMEM; Sigma-Aldrich) supplemented with 10% FCS. Eighteen hours after seeding, quiescence was induced in SH-SY5Y cells by incubation with retinoic acid (RA; 10 μM; Sigma) for 3 days (11) Cell Transfection. Transfections were performed 24 h before termination of quiescence, using Lipofectamine 2000 (Invitrogen) with the following plasmid constructs: (i) pIRES-EGFP from Invitrogen, either empty or containing the full-length cDNA of rat PFKFB3 (RB2K6 splice variant) (10), PFKFB3mut (KEN box mutated to AAA, starting at amino acid 142; QuikChange XL site-directed mutagenesis kit from Stratagene) (10), or human muscle PFK1 (NCBI accession number NM_000289.1); (ii) pcDNA3.0 (Invitrogen), either empty or including human Cdh1 (23); (iii) pd2EGFP-C1 (Clontech) including rat PFKFB3 (GFP-PFKFB3, RB2K6 splice variant) or its corresponding mutant PFKFB3mut form (GFP-PFKFB3mut); and (iv) pSuper-neo.gfp (Oligoengine), including the small hairpin sequences for luciferase (control) (10), Cdh1 (24), or PFKFB3 (10) . In each experiment, the total cDNA transfected was 1.6 μg/mL. Control cells were treated with 1.4 μg/mL of empty pcDNA3.0 plus 0.2 μg/mL of pIRES-EGFP, whereas all other groups were treated with 1.4 μg/mL of Cdh1 plus 0.2 μg/mL of the appropriate other plasmid. Cdh1 was administered at 1.4 μg/mL and GFP-PFKFB3 or GFP-PFKFB3mut at 0.2 μg/mL. For RNA interference, each plasmid was administered at 0.53 μg/mL except in the control cells (luciferase shRNA), which were treated with 1.6 μg/mL.
Cell Fractionation. Cells were washed with ice-cold PBS containing 1 mM MgCl 2 , and then were harvested with a rubber policeman and taken up in ice-cold hypotonic buffer (10 mM Hepes, pH 7.9, 1.5 mM MgCl 2 , 10 mM KCl, 300 mM sucrose, 1 mM EDTA, 1 mM DTT, 0.1 mM Na 3 VO 4 , and 0.1% Nonidet P-40) supplemented with protease inhibitors (100 μM phenylmethylsulfonyl fluoride, 50 μg/mL pepstatin, 50 μg/mL amastatin, 50 μg/mL leupeptin, 50 μg/mL bestatin, and 50 μg/mL soybean trypsin inhibitor). After swelling on ice for 15 min, plasma membranes were disrupted by repeated pipetting through a Gilson microtip. The samples were centrifuged at 500 × g for 5 min at 4°C to recover a cytoplasmic fraction (supernatant). Nuclei (pellet) were lysed in ice-cold hypertonic buffer containing the protease inhibitors for 2 h on ice. Both cytosolic and nuclear fractions were boiled for 5 min and identical amounts of protein were loaded on the gel. Nup98 and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were used as control markers for nuclei and cytosol, respectively.
Western Blotting. Aliquots (50 μg of protein) of cell lysate (in 2% sodium dodecylsulfate, 2 mM EDTA, 2 mM EGTA, 5 mM Tris, 100 μM phenylmethylsulfonyl fluoride, 50 μg/mL pepstatin, 50 μg/mL amastatin, 50 μg/mL leupeptin, 50 μg/mL bestatin, and 50 μg/mL soybean trypsin inhibitor) were centrifuged (14,000 × g, 10 min) and electrophoresed in an 8% SDS acrylamide gel. Proteins were transferred electrophoretically to nitrocellulose membranes, which were blocked in 5% (wt/vol) low-fat milk in 20 mM Tris, 500 mM sodium chloride, and 0.1% (wt/vol) Tween 20 (at pH 7.5) for 1 h, and further incubated with either anti-human PFKFB3 monoclonal antibody (H00005209-M08; Novus Biologicals), specific anti-rat PFKFB3 (RB2K3-RB2K6 splice variants) polyclonal antibody (10), anti-Cdh1 (AR38; J. Gannon, Clare Hall Laboratories, Cancer Research U.K., London), or anti-GAPDH (Sigma) overnight at 4°C. Signal detection was performed with an enhanced chemiluminescence kit (Pierce).
Measurement of Proportion of Cells in S Phase of the Cell Cycle. The proportion of cells in S phase was assessed in nonconfluent cells by flow cytometric analysis of bromodeoxyuridine (BrdU) incorporation into DNA. This was achieved after 1 h of incubation with 10 μg/mL BrdU using the APC-BrdU flow kit (Becton Dickinson Biosciences), following the manufacturer's instructions. APC-BrdU-stained cells were analyzed on the FL4 channel of a FACSCalibur flow cytometer (15 mW argon ion laser tuned at 488 nm; CellQuest software, Becton-Dickinson Biosciences).
Determination of Aerobic Glycolytic Capacity. The glycolytic capacity of the cells was assessed by determining the rate of lactate released into the medium after inhibition of ATP synthase with oligomycin (6 μM; Sigma) for 1 h (25) . Lactate concentrations were measured spectrophotometrically (Uvikon XL; Microbeam), as previously described (26) .
Confocal Microscopy. Cells were grown on glass coverslips and transfected with 0.2 μg/mL GFP-PFKFB3 or GFP-PFKFB3mut, either in the absence or presence of 1.4 μg/mL of Cdh1, as described above. Coverslips were mounted in glycerol/ PBS (90/10, vol/vol) containing DAPI (30 μM) on glass slides. Microphotographs were taken by confocal microscopy 24 and 48 h after transfection.
Statistical Analysis. Measurements from individual cultures were always performed in triplicate, and the results are expressed as mean ± SEM values across three different cell-culture preparations (n = 3). Statistical analysis of the results was performed by one-way analysis of variance, followed by the least significant difference multiple range test. In all cases, P < 0.05 was considered significant.
